Abstract: CO 2 , N 2 O, and CH 4 are the three most widespread Greenhouse Gases (GHGs). Electricity consumption and the related CO 2 -equivalent gas emissions resulting from oil and gas combustion for the six countries that comprise the Cooperation Council for the Arab States of the Gulf [Kingdom of Saudi Arabia (KSA), Kuwait, Bahrain, Oman, United Arab Emirates (UAE) and Qatar; also referred to as the Gulf Cooperation Council, GCC)] have been compared. The analysis of the relevant data shows that GCC countries contribute significantly to the global CO 2 emissions, and that the majority of their emissions are concentrated in the energy extraction and conversion sectors, mainly from oil drilling and electricity production. Some analysis is offered as to the reasons behind the excessive increase in the electrical demand that is obviously linked to a non-rational pattern of electricity consumption.
Introduction
There are four factors affecting Climate change and GHG emissions worldwide: economic growth, population growth, increased transportation use, and industrialization. These are interconnected elements, whereby economic growth encourages industrialization and demand for new goods and services by improving consumers' purchasing power, which leads in turn to increased logistics and transportation as well. Economic growth also improves life standards, therefore improving population age, fertility and leading to population growth. The tendency to increase the electrical penetration (percentage of final uses served by electrical appliances and devices) causes a more-than-linear increase of the global electricity consumption with the population growth.
OPEN ACCESS
Electricity generation as part of the energy sector is studied in this paper. Demand for electricity is increasing worldwide as populations' consumption of electricity is rising constantly, as people are increasingly having the willingness and the ability to add more electrically powered devices that are highly used in their daily activities than before.
There are many sources for generating electricity, but the most common and cheap technology at the moment is the combustion of fossil fuels to convert thermal energy into mechanical motion and finally into electricity; this conversion accounts for about 71% of the worldwide electricity generation. The most common and cheap source of thermal energy for electricity generation in the world is coal (51.5%), followed by gas (16%), and oil (3%) [1] , whereas if all uses are considered, the ranking are reversed: oil (37%) is the major source, followed then by coal (25%) and gas (23%) [2] . These are average world data: we shall see in the following that in the six GCC countries, for obvious reasons, these allocations are quite different.
It should be noted that the combustion of fossil fuel is generally agreed to be the most significant source of atmospheric CO 2 . Other GHGs (CH 4 , N 2 O, O 3 ) contribute to climate change through the socalled Global Warming effect, but their cumulative effect is estimated to be at least one order of magnitude lower than that of CO 2 .
It is well known today that the GHG gases, and in particular CO 2 , trap the heat inside the Earth's atmosphere by absorbing a substantial portion of the natural red-back scattering from the plant's surface, thus causing the atmosphere to increase its temperature. Any subsequent increase in the Earth's temperature-however small-(simulations have been run for warming levels of 1.5 through 4.5 °C [3] ) is likely to cause extended and significant disruptions in the eco-system, from instant melting polar ice caps and rising global sea levels, floods and hurricanes around the world due to shifting patterns in the atmospheric and oceanic circulation.
The energy sector and especially electricity generation is the main source of this gas worldwide. As mentioned above, coal is the biggest source for electricity generation and a significant source for carbon emissions [4] . Natural gas is more available in the GCC region than coal [4] , and it is considered a less harmful fossil fuel, yet, burning equivalent amounts of natural gas and coal in modern thermoelectric plants results in only a marginal decrease in the rate of CO 2 emissions [1].
GCC Countries' CO 2 GHG Emission and Electricity Generation
Although electricity demand has increased all over the world, the GCC countries' demand for electricity has increased at thrice the global average over the last few years [6] ; there are different reasons for this anomalous behavior, the main ones being the higher-than-average economic growth rate (reflected in the significant increase of the GCC countries' GDPs), and the policy of encouraging huge development projects in the domestic, service and infrastructure sectors, especially the UAE and KSA.
The geo-climatic conditions of course also play an important role in the increase of the electrical penetration and in the increase in the demand, because of the growing acceptance of air-conditioning devices as "necessary" home-and office appliances, and to the lack of a serious alternative to electrical air-conditioners.
Yet another factor that encourages electrical penetration is the government policy of subsidizing electricity and energy in general through State-imposed tariffs and tax-free regulations, in fact, for domestic use, Kuwait and Qatar offer electricity for free to their citizens, while KSA, Bahrain and Oman subsidize its cost to maintain relatively very low prices. UAE has more energy-conscious pricing policies that differ from one UAE state to another, but in general electricity and energy prices are double those offered in Bahrain and Oman.
In general, the increase in the electricity demand is considered a worldwide trend for the next 20-30 years [2] , but the future demand for electricity in the GCC countries is anticipated to be 80% higher in year 2015 than the currently installed capacity [7] . In 2005 the Middle East region as a whole generated 639,982 GWh of electricity/heat, the major source of electricity generation in GCC countries still being the combustion of fossil fuel, of which gas prevails over oil. Figure 1 shows the percentage of electricity generation per source in the Middle East [8] : it is apparent that the relative importance of the three major sources (oil, gas, and coal) are very different than the world's average values. The United Nations Environmental program identified three of the GCC countries as those with the highest per capita energy consumption in the world, and furthermore concluded that the six GCC countries contribute approximately to 45%-50% of the cumulative Arab countries' CO 2 emissions [9] : this result is illustrated in Figure 2 . The data in Figure 2 shows KSA leading the six GCC countries in its CO 2 emission contribution, followed by UAE, Kuwait, Qatar, Oman and Bahrain. All the countries show growth in their CO 2 GHG emissions, but the graph clearly shows the rapid rise in emissions by KSA (where the emission for year 2005 was 412.35 million metric tons of CO 2 ) compared to the other GCC countries in the period 2001-2005. Thus rapid rise in CO 2 emissions by Saudi Arabia is related to its industrial and civic development during these years, and the need for electricity generation to supply the continuing development of domestic, tertiary and industrial establishments that continue to emerge till now. The rising international oil demand, and the consequent increase in prices, is another factor for this rapid rise of CO 2 emission in KSA, which is one of the leading oil producers worldwide. Qatar, which has witnessed significant economic growth during the last few years shows a similar but less steep growth in CO 2 emissions. Oman and Bahrain also show almost matching emission rates for all the period, in spite of the population and land size differences between the two countries, whereby Qatar emitted a higher rate of CO 2 than Bahrain while they have similar land size and population. The recent discovery of natural gas fields in Qatar has shifted its position as a leading producer for gas and oil as well. It is clear that KSA tops the remaining countries with its total share of 56% of CO 2 , followed by UAE (18.5%) and Kuwait (10.43%). The CO 2 GHG emissions for 10 years in the six GCC countries are summarized in Table 1 
Electricity Consumption in GCC Countries
Similar rapid growth in electricity generation is noticed in KSA, UAE and Qatar, in parallel with the above reported rapid rise in CO 2 GHG emission in these countries; this is shown in Figure 4 below, Again KSA ranked the first in electricity consumption, followed by UAE, Kuwait, Qatar, Oman, with Bahrain bringing up the rear. Table 2 shows the electricity consumption for 10 years in the six GCC countries from year 1996 to 2005 [4] . Figure 5a,b provides a closer look at the CO 2 GHG emissions and electricity consumptions for KSA and UAE, the two top GCC countries in these areas. Both countries are the leading GCC countries in economic development and oil production, with huge construction projects both built and planned, and its corresponding huge need for electricity supply, not to mention the need for desalinated water too. KSA requirements are 15,000 MW and about 1,000 million of desalinated water g/d [6] . Whereas the total GCC estimate is 60,000 MW of new capacity to be required by year 2015 (a typical large gas fired power generator plant can supply 400 to max 1,200 MW) and this represent 80% of the current installed capacity. As for the United Arab Emirates, in just four years, the UAE's electrical capacity needs to increase by 60% to 26,000 megawatts [7] , and Abu Dhabi's electricity demand is expected to double in between 2008-2013. Dubai (as one of the UAE states) has the greatest demand potential and is growing by 12%-14% per year, so it is forecast that Dubai's capacity will triple in a size to 16,000 MW and water desalination of 800 million g/d by 2015 [6] . Figure 6 shows Bahrain's CO 2 total emission from consumption of fossil fuel, which has witnessed similar growth but at a lower scale. Electricity generation in Bahrain mainly uses gas-fired power generators, and some electricity supply blackouts happen in selected areas in Bahrain due to a shortage of electricity supply during peak consumption hours. The energy sector in general is responsible of 75% of CO 2 emission in Bahrain (as shown in Table 3 ). The current five power station capacity will not cover the increasing demand in the kingdom [12] [13] [14] [15] . Increasing gas prices and supply shortages might lead to outsourcing other alternative electricity generation, such as oil, which would increase the CO 2 GHG contribution, or sourcing advanced nuclear power which might be less "air" polluting and more efficient. 
CO 2 GHG Emission and Electricity Consumption Pro-capite in the GCC
Although KSA as a country showed a higher percentage in its share of CO 2 GHG emission, if we consider the population size and growth, we find consumption of electricity and consequent CO 2 emission for each country per person (pro-capite) is much different, and KSA's pro-capite emission stands in the fifth position, This shown in Table 4 below [5, 10] . Table 3 summarizes pro-capite CO 2 and electricity data, where Qatar comes first in CO 2 emission of with its 68.15 tonnes of CO 2 pro-capite, a level even higher than that of some leading developed countries such as Australia. The reason for that high CO 2 emission and consumption of electricity are likely to be the same mentioned in the introduction: a high rate of economic growth, the free pricing of electricity for domestic use, the especially harsh geoclimatic conditions in Qatar (the average humidity may reach values of 80% in that country), the cultural inclination to use more and more decentralized air-conditioning devices that are necessarily electrically powered, rather than air cooler systems which are widely in use in other dry climate countries such as Syria and Iraq, or centralized air conditioning units of the absorption type, which are fed by more readily available heat rather than electricity. The next highest polluter as for CO 2 emissions is Bahrain with its 36.58 tonnes pro-capite. Figure 7 shows as well the correlation between pro-capite electricity consumption and CO 2 emissions in the GCC countries. Qatar comes in first (15,910 KWh pro-capite), followed by Kuwait (15,539 KWh pro-capite), and Bahrain comes in at the fourth position in electricity consumption, with 11,041 KWh pro-capite. The reason for the retarding position of Bahrain from the second country for its CO 2 emission to the fourth as electricity consumption pro-capite might be justified to the increased transportation and its related CO 2 emissions in this country, which considered the second major source for CO 2 emission after the energy sector in Bahrain. However, compared to other Arab countries (as shown in Figure 8 ) it can be clearly seen that Bahrain and the GCC countries relatively are still the leading countries in electricity consumption, according to the United Nations' Environmental Program year 2006 collected information, shown in Figure 8 [9] It can be noticed again that Bahrain electricity consumption pro-capite is still considered one of the highest among the Arab and the GCC countries. 
Comparison of Top GCC Countries to Other Industrialized Developing Countries
Malaysia and Singapore are developing countries with similar economic growth to KSA and UAE of the GCC countries. Figure 9 shows their CO 2 GHG emissions compared to the GCC countries. As shown in the Figure, Comparing UAE with its 4 million population, similar to Singapore with 4.4 million population (according to year 2005 census), the UAE shows a relatively higher emission rate (but not as large as the Malaysia to KSA difference). The reason for that again could be the increased consumption of electricity in UAE and the energy sector as whole. The complete data for the two countries' CO 2 emissions are listed in Table 5 [5]: 6. Electricity Consumption Pro-capite for Singapore, Malaysia, and Japan Table 6 below lists the GCC countries' electricity consumption/CO 2 GHG emission pro-capite compared with Singapore, Malaysia and also a highly industrialized country Japan [5, 10, 11] . As clarified in Figure 10 below, pro-capite Malaysia and Japan had lower CO 2 emissions than any of the GCC countries, Singapore had relatively higher emissions, but it is still lower than the emissions of the UAE with its similar population size. A surprising finding in this case is Japan with its 127 million population and its high industrialization, still managed to reduce its pro-capite electricity consumption to 7.6 MWh, and CO 2 emission of 9.6 tonnes pro-capite. This could be explained by the advanced policy of Japan for reducing emissions. Malaysia showed the highest efficiency of 6.5 tonnes of CO 2 related to a minimized electricity consumption of 3.3 MWh pro-capite. In all, pro-capite, the GCC countries showed high consumption rates of electricity and CO 2 emissions compared to other Asian developed countries like Malaysia, Singapore, and Japan; Qatar comes at the top of the list, with CO 2 emissions seven times higher than Japan's per capita emission. 
Conclusions
GCC countries emit considerable amounts of CO 2 from the combustion of fossil fuels, the main source for that emission being the energy sector, which includes the energy extraction and the energy conversion sectors: only the later has been considered in this study, because it is by far the most polluting and because it poses an important challenge for these countries. Electricity is generated in the GCC countries mostly by fossil-fueled (oil or gas) power plants. Global CO 2 -equivalent GHG emissions are rising rapidly in the GCC countries, especially in KSA and Qatar; at the same time, consumption and demand of electricity are rising rapidly as well. The forecast for the electrical demand in GCC countries by 2015 shows an excess of 80% with respect to the current installed base of generators, and this creates the challenge of finding new renewable or cleaner sources of power generation, because, in the "business as usual" scenario, in which the same sources of electricity generation are used, the global CO 2 emissions would also increase by about 80%.
Current rates of electricity consumption and related CO 2 emissions in GCC countries are higher than other developed countries of similar population but lower economical and technological development.
The high pro-capite consumption has several concurrent causes, like the high rate economic growth, the substantial rate of population growth, the relatively low cost (in some instances, free) electricity and energy prices in these countries, the hot climate, and the high number of degrees-day of cooling.
The governments in each of the GCC countries are striving to limit the increases in future electricity demand. Measures are being enacted or have been announced to reduce the current daily consumption, either by searching for alternative sources, like for instance the planned "Raas Al Khaimah" solar village in UAE, or investigating the possibility of shifting a portion of the electrical generation to nuclear sources, a policy that has been said to be considered in Bahrain and UAE.
Governmental tax and pricing policies with regard to electrical consumption and the related CO 2 emissions vary significantly from one GCC country to the other. While some, such as Qatar and Kuwait, still offer electricity to their citizens free of charge for domestic use, and have launched an educational campaign towards energy fitness, others like Bahrain, KSA, and Oman offer strongly subsidized electricity prices for domestic use.
On the basis of the analysis presented in this paper, the following conclusions may be reached. Domestic final uses are responsible for a high amount of electricity consumption in most of the GCC countries: at present, the only measures taken to curb energy consumption in general consist in government-sponsored campaigns advising consumers to reduce their electricity consumption. This is not sufficient, as the example of industrialized countries clearly demonstrates that a combined taxation-and-subsidies policy is necessary to attain significant amounts of saving in the domestic sector.
The other highly intensive sector is the tertiary one, which includes service-and governmental buildings, infrastructure, banks, schools & universities, shopping malls, etc. Here, it seems that consumption is actually encouraged rather than monitored! While it is unthinkable to limit such developments, it is very possible to limit their specific energy consumption (in kWh/m 3 , for example)
by mandating stricter building standards and by encouraging the installation of centralized trigeneration systems. nevertheless it is important to mention here that electricity pricing for this sector is not subsidized by most of the GCC governments, but, however, the pricing is still relatively lower than most of other developed countries. A related issue, namely the electrical consumption in water desalination, can be solved in a similar way, by giving priority to the somewhat neglected "thermal" technologies (MSF, MED) especially when arranged as bottomers for thermoelectric plants, or by encouraging the development of highly de-centralized solar-fed small RO plants. And at the moment many GCC universities and researchers are striving to find economical solutions in this field.
In short, it is by structurally imposed conversation measures rather than from technological quantum jumps that the GCC CO 2 emissions can be curbed without impairing the countries' development−this becomes of course a political issue rather than an engineering one, and must be tackled at governmental levels, preferably in a concerted fashion among the countries, to better exploit the possibility of exploiting synergies in the generation, distribution of both electricity and cold; A step which has already been started by building the GCC wide electrical distribution grid, but yet to be perfected by integrating power generation among the GCC countries.
